Despite the best available treatments for primary tumors, cancer can return, even after a long disease-free interval. During this period, cancer cells are believed to lie dormant in either primary sites, metastatic sites, or independent sites like bone marrow, effectively escaping adjuvant cytotoxic treatments. To date, little is known about how these cells transition to dormancy, or how they are reactivated if cancer recurs. Recent studies have revealed the effects of tumor microenvironment or niche on the regulation of tumor dormancy via the signaling pathways of growth arrest-specific 6, bone morphogenetic protein 7, and TGFb1, and that the balance between activation of p38 MAPK and ERK MAPK plays a pivotal role in tumor dormancy. In this review, we discuss tumor dormancy from the perspective of the niche and consider potential therapeutic targets. Greater understanding of the mechanisms involved will help guide innovation in the care of patients with advanced cancer. Clin Cancer Res; 20(13); 1-6. Ó2014 AACR.
Background
Even with the successful removal of a primary tumor, cancer can recur after years, or even decades, of a disease-free interval. When disseminated tumor cells (DTC) from a primary tumor reach a metastatic site, they begin communicating with the microenvironment. Whether these DTCs form a metastasis or enter dormancy may, in part, depend on the signals from this metastatic microenvironment. During the dormant period, cancer cells can undergo G 1 -G 0 growth arrest and become clinically undetectable, which serves to protect them from cytotoxic drug exposure, because these drugs are designed to target cells in mitotic division. Once latent cancer cells are reactivated, the disease frequently becomes impossible to cure. Prevention of cancer recurrence or eradication of these dormant cells, therefore, remains a major challenge.
Accumulating evidence suggests that the microenvironment plays a pivotal role in the regulation of tumor dormancy (1) (2) (3) . Similar findings suggest that the microenvironment plays a major role in regulating quiescence of normal adult stem cells. Indeed, the microenvironment surrounding stem cells exists in a dormant state to keep the stem cells dormant (4) , but stem cells leave this state as their microenvironment matures (5) . These findings suggest that the immaturity of the microenvironment plays a crucial role in maintaining dormancy of stem cells.
In the hematopoietic field, Schofield hypothesized that the microenvironment, which he named the "niche," actively participates in the regulation of hematopoietic stem cell (HSC) fate (6) . This HSC microenvironment has been particularly well studied (7) (8) (9) (10) . In humans, bone marrow is the major location for hematopoiesis (6) , and within their niche, HSCs are likely to stay dormant owing to cell intrinsic and extrinsic factors. Osteoblasts and sinusoidal endothelium are thought to be two major components of the bone marrow HSC niche, while adipocytes, mesenchymal stem cells, and CXCL12-expressing reticular cells also participate in maintenance of HSC functions (10) . In the marrow, several signaling pathways, including Wnt, Notch, Hedgehog, and the bone morphogenetic proteins (BMP) have been known to control HSC quiescence (10) . The interactions between HSCs and osteoblasts through Tie2/Ang-1 and/or Mpl/ THPO signaling pathway also play pivotal roles in HSC quiescence (10) . In addition, HSCs can enter quiescence when presented with hypoxic conditions (10) . The region where osteoblasts reside has been shown to be more hypoxic than the area of sinusoidal endothelium (10) . Therefore, the osteoblastic niche facilitates quiescence and self-renewal of HSCs, whereas the vascular niche is associated with the proliferation and differentiation of HSCs.
In considering the metastatic fate of DTCs, the hematopoietic niche becomes important, because cancers with origins in prostate and breast preferentially metastasize to bone, and are known to take advantage of the bone marrow. Bone metastatic prostate cancer cells, for example, chiefly parasitize the HSC niche to survive within the marrow environment (11) . In fact, prostate cancer cells compete for the bone marrow niche with HSCs by using a process equivalent to that used by HSCs to access the niche (11).
Because the major role of the niche is to keep HSCs dormant, it is possible that the bone marrow niche may also be essential for tumor dormancy.
Recent studies have revealed that cancers target their own particular metastatic niche(s) during dissemination (11) (12) (13) . Likewise, DTCs from other forms of cancer may have similar "niche"-induced dormancy. Though the effects of the bone marrow niche on tumor dormancy, progression, and metastasis have been investigated, the cell types composing the niches for cancer cells and how they may directly interact with these cells still remain to be elucidated.
Although growing evidence has provided clues to possible mechanisms whereby the microenvironment regulates tumor dormancy, our knowledge remains incomplete. Moreover, little is known as to how cancer cells reactivate after long periods of dormancy. Because dormant tumor cells may be seeds for recurrence or metastasis, there is an urgent need to uncover the interaction between the microenvironment and tumor dormancy to develop therapies that insure that cancer does not return. In this review, we discuss tumor dormancy from the perspective of the microenvironment and explore potential therapeutic targets.
Tumor Cell Dormancy in the "Niche"
In examining the metastatic niche and its effect on tumor dormancy, the corollary seen in the HSC niche is instructive. Interplay between a niche and its associated cells can regulate the state of dormancy or proliferative activity. Direct cell-to-cell contact between an HSC and its niche is important for maintaining the cellular functions of HSCs (7) (8) (9) (10) . Recent work by our group revealed that adhesion molecule Annexin II (Anxa2) expressed by the osteoblastic HSC niche directly supports the survival of HSCs (14) . In our cancer studies, we found that prostate cancer cells that have disseminated to bone sites also bind to the osteoblastic niche through Anxa2, and that when the prostate cancer cells reach this niche, the tyrosine kinase receptor Axl is upregulated (15) .
Axl is one of the TAM (Tyro3 (SKY), Axl, MerTK) families of receptor tyrosine kinases, which have extracellular and cytoplasmic domains consisting of two immunoglobulinlike domains and two fibronectin type III repeats. Growth arrest-specific 6 (GAS6) is a ligand for the TAM receptors and GAS6 mainly activates downstream signaling, including PI3K/Akt and ERK MAPK pathways, via the TAM receptors (16) . In addition, it has been demonstrated that GAS6 secreted by fibroblasts in the marrow converts HSCs into a dormant state (17) .
As with HSCs, GAS6 produced by the bone marrow osteoblastic niche initiates dormancy in disseminated prostate cancer cells (18) and acute lymphoblastic leukemia (19) . GAS6 inhibits cell proliferation, while it prevents apoptosis induced by cytotoxic agents (18, 19) . These effects may be due to the activation of the ERK MAPK pathway (18) . In addition, GAS6 increases the number of cells in the G 0 phase (18) . More recent studies have demonstrated that the ratio of receptors for GAS6 also plays a crucial role in the regulation of tumor dormancy (20) . When Axl expression is higher than that of Tyro3 (subfamily of Axl), prostate cancer cells remain dormant (20) . On the other hand, when prostate cancer cells have relatively higher Tyro3 expression, they are likely to be more proliferative (20) . Moreover, this receptor switch seems to be tissue dependent: High levels of Tyro3 are observed in the primary tumor site, whereas DTCs in the marrow express high levels of Axl (20) .
In a similar way, BMP7 produced by bone marrow stromal cells triggers dormancy of prostate cancer cells. When prostate cancer cells were cocultured with bone marrow stromal cells, prostate cancer cells entered dormancy through the activation of the cell-cycle inhibitor p21, the metastasis suppressor gene N-myc downstreamregulated gene 1 (NDRG1), and p38 MAPK phosphorylation (21) . In addition, BMP7 dramatically suppresses the ERK MAPK pathway (21) . These observations are consistent with previous studies by Aguirre-Ghiso and colleagues, proposing that the ratio of the ERK and p38 MAPK pathways plays a pivotal role in the determination of tumor dormancy (22, 23) . Dormancy is prevented when BMP7 secreted by bone marrow stromal cells is blocked by shRNA or pan-BMP inhibitor Noggin (21) . Moreover, the effects of BMP7 on dormancy of prostate cancer cells both in vitro and in vivo are attenuated when BMP receptor 2 (BMPR2) on prostate cancer cells is downregulated (21) .
Tumor dormancy is not only observed in the bone marrow microenvironment, but also in other metastatic sites. When metastatic breast cancer 4T07 cells in the lung overexpress Coco, an antagonist of TGFb ligands, cells escape dormancy by blocking the binding of microenvironmental BMP4 ligands to the BMPR on the cancer cells (24) . In contrast, Coco knockdown breast cancer 4T1 cells have a dormant phenotype (24) . Moreover, when Coco was knocked down in 4T07 cells, phosphorylation of Smad proteins, downstream of the BMP4 signaling pathway, increased (24) . Importantly, this event occurs in the lung, but not in the bone or brain, suggesting that the lung microenvironment is a unique venue for Cocoinfluenced tumor dormancy (24) , providing a niche for metastatic cells.
Cancer cells also maintain dormancy during the dissemination process itself. An in vivo orthopedic model reveals that Ki-67 negative dormant breast cancer MCF-7 and MDA-MB-231 cells are found near the thrombospondin-1 (TSP-1) expressing perivascular niche in lung and bone marrow (25) . This effect is inhibited by anti-TSP-1 antibody in an in vitro coculture system (25) . In addition, breast cancer cells enter dormancy when they contact the dormant microvasculature, which expresses low levels of TGFb1 and periostin (POSTN). However, dormancy is reversed when the microvasculature becomes active, where both TGFb1 and POSTN are upregulated (25) . These findings suggest that microvasculature may serve as another potential niche for a dormancy switch.
The interaction between extracellular matrix (ECM) and integrins expressed by cancer cells also induces a variety of intracellular signals and is another regulator of tumor dormancy (26) (27) (28) (29) (30) . Integrin-mediated adhesion to ECM induces the proliferation of cancer cells, whereas the disruption of these interactions promotes tumor dormancy. When the levels of urokinase receptor (uPAR) are decreased in human carcinoma HEp3 cells, a5b1 integrin is likewise downregulated. Consequently, the cancer cells fail to bind to fibronectin (31) , resulting in a reduction of the ERK MAPK pathway and activation of the p38 MAPK pathway, which leads to cell dormancy (31) . As with BMP7 (21), tumor dormancy is induced when the p38 MAPK pathway is relatively higher than the ERK MAPK pathway.
Tumor dormancy in primary sites can also be regulated by a niche microenvironment. In prostate cancer, the proximal region of prostatic ducts serves as a niche to keep cancer cells dormant in the primary tumor (32) . The proximal region expresses higher levels of TGFb1 than the distal region (32) , and this TGFb1 expression induces dormancy of both the region and the prostate cancer cells associated with it by activating phosphorylation of Smad 2/3 (32). In in vitro conditions, TGFb1 inhibits the proliferation of cells isolated from both the proximal and distal regions of the prostate; however, cells from the distal region differentiate with this treatment, whereas proximal region cells do not (32) . Moreover, TGFb1 induces apoptosis of distal cells, whereas proximal cells retain resistance to apoptotic effects of TGFb1 because they express higher levels of the apoptosis suppressor gene bcl-2 (32). There is some controversy about the role of TGFb1 in cancer progression. Although TGFb1 promotes cancer progression within microvasculature, it acts as a tumor dormancy inducer in the primary site, suggesting that its effects may therefore differ between microenvironments. Clearly, further studies in this area are warranted.
Clinical-Translational Advances
It is postulated that dormant cancer cells survive the cytotoxic treatments used to combat actively dividing cells, affording the opportunity for these cells to reactivate in the future. Although there are some preclinical models to test this hypothesis (33) , the effect of cytotoxic agents on dormant cancer cells still remains unknown.
As discussed above, the GAS6/Axl axis seems to be a factor in the mechanisms of tumor dormancy (18, 20) . In addition, Axl overexpression is well known to promote invasion and metastasis (34) (35) (36) (37) (38) and is correlated with increased tumor grade and poor clinical outcome in many tumor types (39) (40) (41) , suggesting that this receptor tyrosine kinase may be a new therapeutic target. Several small-molecule inhibitors of Axl are now being evaluated as candidate drugs for cancer treatment (16, 42) . One of these Axl inhibitors, BGB324 (formally R428), prevents breast cancer (human MDA-MB-231 cells: $70% tumor reduction, P < 0.05; and mouse 4T1 cells: $50% tumor reduction, P < 0.05) metastasis and extends the survival of mice inoculated with mouse 4T1 cells (median survival >80 days vs. 52 days, P < 0.05) by affecting both tumor cells and their microenvironment (43) . In addition, BGB 324 synergistically enhances the suppressive effects of cisplatin on liver micrometastasis (43) . More importantly, BergenBio AZ has initiated phase I clinical trials of BGB324 (44) . According to their website, a phase Ia clinical trial in healthy volunteers has been completed recently, and phase Ib clinical trials are planned in acute myeloid leukemia and non-small cell lung cancer (NSCLC) in 2014 (45).
Another treatment, a monoclonal antibody against both human and murine Axl, YW327.6S2, reduces the growth and metastasis of A549 NSCLC ($25% tumor reduction) and MDA-MB-231 breast cancer ($25% tumor reduction), and these effects are enhanced by anti-VEGF treatment, EGF receptor inhibitor (erlotinib), and chemotherapy in xenograft mouse models (46) . In addition, YW327.6S2 also negatively affects the secretion of inflammatory cytokines and chemokines from tumor-associated macrophages (46) . Consistent with these findings, increased activation of Axl in human NSCLCs during epithelial-mesenchymal transition induces resistance to erlotinib (47) . Although blocking Axl signaling seems very promising for cancer treatment, whether the GAS6/Axl axis is a potential therapeutic target for tumor dormancy remains unclear; however, the fact that these treatments also affect the metastatic niche cells is intriguing. Further study in this area is clearly needed.
As discussed, BMP7 is another molecule that seems to induce tumor dormancy in prostate cancer (21) . BMP7 also upregulates human telomerase reverse transcriptase gene repression, which results in the growth arrest of cervical cancer cells (48) . Because BMP7 is already FDA approved for bone fractures, it may be worth considering its use for maintaining tumor dormancy to prevent metastatic growth. On the other hand, some caution should be used because the effect of BMP7 can be dependent on cell types and/or microenvironment (49). As previously described (21), BMP7 inhibits the growth of prostate cancer within the bone marrow microenvironment (the tissue volume of tibia bearing BMP7-overexpressing vs. control prostate cancer cells: 0.56 AE 7.3 vs. 0.78 AE 4.8 mm 2 , P ¼ 0.031; ref. 49 ). However, in the primary site, although BMP7 reduces tumor burden of androgendependent prostate cancer cells, it does not affect the proliferation of castration-resistant prostate cancer cells (49) . Further careful research in this area is therefore essential and may reveal that BMP7 is suitable for some, but not all, cancer therapy.
In addition, liver and lung metastasis of 4T1 cells and MDA-MB-231T cells is suppressed when implanted animals are treated with lysophosphatidic acid receptor 1 (LPA1) inhibitor Debio-0719 (4T1 cells: liver metastasis, 73.0% tumor reduction, P < 0.001, and lung metastasis, 88.5% tumor reduction, P < 0.001; and MDA-MB-231T cells: lung metastasis, 77.1% tumor reduction, P < 0.001) or when LPA1 in the tumors is knocked down using an shRNA technique (4T1 cells: liver metastasis, 43.7% tumor reduction, P ¼ 0.01, and lung metastasis, 50.0% tumor reduction, P ¼ 0.004; ref. 50). However, these treatments fail to affect primary tumor growth (50) . Interestingly, Debio-0719 induces dormancy of metastatic 4T1 cells by reducing proliferative markers Ki-67 and the phosphorylation of ERK MAPK, but activating the phosphorylation of the p38 MAPK (50) , which reflects a change in the balance of ERK MAPK/p38 MAPK as previously described (21, 31) . Furthermore, when angiogenesis is completely inhibited with a VEGF-A inhibitor, bevacizumab, micrometastases of lung carcinoma are kept in a chronic dormancy state (51), although these cells revive when bevacizumab is withdrawn (51) . These findings suggest that as well as eradicating dormant cancer cells, maintaining the tumor-dormant state or switching proliferating cancer cells to dormant cancer cells indefinitely may be a new therapeutic approach.
Conclusions
Once cancer recurs, survival rates of patients with cancer drastically decline. Although significant progress has been made in early diagnosis and treatment, we are still losing the battle against cancer. Therefore, a better understanding of the mechanisms underlying cancer recurrence, leading to new therapeutic approaches, is crucial.
In this review, we discuss the molecular mechanisms whereby the microenvironment, or "the niche," controls tumor dormancy (Fig. 1) . We also outline several therapeutic targets that may help eradicate these challenging dormant cancer cells. Waking up dormant cancer cells by targeting treatment before chemotherapy might be worth considering in future trials. Although the outcome seems promising, this work is still in the development and testing stage. Alternatively, an approach that works to sustain tumor dormancy ad infinitum may also offer avenues for cancer treatment. In this strategy, although cancer cells would still be present, they would no longer divide, and therefore would not lead to metastatic disease. More discoveries in this area are obviously essential before initiating clinical studies. In the long run, our research efforts toward better and more effective treatments hold the promise of changing the future of cancer therapy.
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No potential conflicts of interest were disclosed. which is believed to occur because of characteristically low levels of TGFb1 and POSTN. Osteoblastderived GAS6 and stromal cellderived BMP7 in the bone marrow also induce tumor cell dormancy. GAS6 is recognized by tyrosine kinase receptor Axl, which activates the ERK MAPK pathway. BMP7 is received by BMPR2, which causes activation of cellcycle inhibitor p21, upregulation of NDRG1, and p38 MAPK phosphorylation. Strong evidence suggests that tumor cells respond to external stimuli by shifting the balance of the ERK MAPK and p38 MAPK pathways; in dormant tumor cells, the p38 MAPK pathway is generally more activated than ERK MAPK.
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